A detailed design methodology of a micro-scale 2-DOF energy harvesting device that can harvest human motion energy of low frequency and wide bandwidth is developed. Based on the concept of the 2-DOF vibration absorber, device parameters are selected to harvest energy at low frequency of 1 -10 Hz and wide bandwidth with ±20% of the mean frequency, which matches the human motion. The device dimensions are limited to 40 × 30 × 10 mm 3 to fit with the human wrist size. Then, a finite element model is developed to investigate the system performance with the selected parameters. When subjected to harmonic excitation of 1 g, the proposed 2-DOF device is able to provide a power of at least 10 µW in between the two close resonant peaks of 4 Hz and 6 Hz, which is the target frequency range. The device shows very high power per square frequency compared with the reported harvesters.
Introduction
Development of a micro-scale device that can harvest energy from non-traditional source is still very attractive point of research. Such a device is essential for a wide variety of applications such as self-powered wireless sensors and biomedical implants in which energy source is needed. Among the different sources of energy in the environment, vibration/kinetic energy is the most available one, especially where heat and solar energy is not constantly available. Micro-electro mechanical system (MEMS)-based energy harvesting (EH) devices are more compatible with microelectronics applications besides to its low weight and volume [1] .
For vibration-based energy harvesters, there are three types of transduction mechanisms; namely, piezoelectric, electromagnetic and electrostatic [2] . In these mechanisms the efficiency of vibration to electricity conversion is very low in the most existing micro generators, because it suffers from getting the power at narrow bandwidth from the ambient sources due to their single resonance frequency. So, one of the most challenging points for a vibration-based EH device is to obtain the maximum power at low frequency and with wide bandwidth. Generally, EH systems consist of a cantilever beam and a proof mass, so they can be regarded as single-DOF systems. Such systems harvest energy at their first resonant frequency, while their high-order modes are usually neglected because they provide much lower response level compared with the first mode [2] . However, wide bandwidth-based EH devices could be a solution to this problem and many techniques are developed for this purpose. Those techniques can be classified as multi-modal harvesting technique [2] - [9] , resonance tuning technique [10] [11] , and nonlinear technique [12] [13] . A wide variety of multi-modal systems have been developed to obtain a wide bandwidth energy harvester [2] [3] , in which harvesters are based on an array structure from cantilevers with different lengths and tip masses. Different frequencies produced from these cantilevers can cover a wide range of frequency which increases the bandwidth. But such designs suffer from the excess volume and weight. A hybrid energy harvesting device was reported in [4] . In this hybrid system, the harvester consisted of a cantilever beam with bonded piezoelectric plates and a permanent magnet attached at the tip, which oscillated within a stationary coil fixed to the housing. The first and the second resonances of such device were far away from each other (20 Hz and 300 Hz) which provided discrete effective bandwidth. A 2-DOF harvester with a dynamic strain magnifier was proposed in [6] to magnify the power output. It could not achieve two close working frequencies besides that, this magnifier with a spring beam significantly increases the volume and weight of the original harvester. An L-shaped cantilever piezoelectric structure for multimodal energy harvesting was reported [7] . The second natural frequency of this harvester was approximately double the first one. In addition to its large volume, the device design had a problem of voltage cancelation. In [8] , another multi-DOF system that use drotational and translational displacements suffered from the excess volume and thus cannot be realized by MEMS technology. One macro-scale 2-DOF system which overcomes the problem of the excess volume by designing the so-called "cutout" beam was developed in [9] . Compared with the previously reported 2-DOF harvester designs, it was more compact and could have two close resonant frequencies.
In this paper, in order to obtain high power with wide bandwidth in a pre-specified volume; a detailed design methodology of a 2-DOF EH system is developed based on the cutout beam design, targeting the low frequency range of the human motion. Based on the most dominant frequency for the human motion during the daily activities, the system parameters are selected. Then, a finite element model is developed to investigate the system performance with the selected design parameters. Finally, the open circuit voltage is calculated based on piezoelectric transaction mechanism. This paper is organized as follows: Section 2 introduces the 2-DOF EH system model. Then based on system model, Section 3 presents the selection criteria of the system parameters. Section 4 shows the finite element model of the system with the selected parameters to investigate its performance with low frequency. Finally, the discussion and conclusions are presented in Section 5.
Energy Harvester Design

Energy Harvester Mathematical Model
Because one of our targets is to develop an EH with wide bandwidth, a 2-DOF harvester is selected here. The 2-DOF vibration system-based EH, as shown in Figure 1(a) consists of two masses and twosprings; namely, the firstmass (m 1 ) and the second mass (m 2 ), the first spring (k 1 ) and the second spring (k 2 ). The wide bandwidth of this 2-DOF system is attributed to the frequency range between the two amplitude peaks at resonances compared to that of the one peak for the single-DOF system. The dynamic model of this system under the base excitation force of 0 sin f f t ω = is given as follows:
where 0 f and ω are the amplitude and frequency of the exciting force, respectively. x 1 and x 2 are the displacements of m 1 and m 2 , respectively. The amplitudes X 1 and X 2 can be expressed as: ( ) ( )( )
It is evident from Equation (2) . This is the well-known condition for the second spring-mass system to work as a vibration absorber suppressing the displacement of the first mass. This condition plays a critical role in the design, as it will be explained later.
The maximum energy, which can be gained from the 2-DOF harvester system, is the amount of the dissipated energy by the absorber damping c 2 . Therefore, the output power (P) depends on the difference between the amplitudes of the two masses and the damping value (c 2 ) as follows [14] :
where c 2 is the equivalent damping ratio due to transaction from mechanical to electrical energy. Satisfying the above condition achieves the following merits: 1) A large amplitude difference between the two masses over the targeted frequency range, which increases the resultant output power (It will be shown later in Subsection 3.1).
2) The continuity of the output signal due to existence of two close resonance peaks in the targeted bandwidth without scarfing the power density (power/volume).
3) Keeping the first mass almost stationary at the most dominant frequency of the human motion during the daily activities. In case of using the piezoelectric material as transduction mechanism, this will avoid the voltage signal cancellation, due to the generation of a positive charge at the first spring K 1 and the a negative charge at the second spring K 2 , when X 1 and X 2 are out of phase.
So, the system parameters (m 1 , m 2 , k 1 , k 2 ) are selected to satisfy this condition. Also, low frequency (human motion) and wide bandwidth should be considered. This selection process will be discussed in Section 3.
Energy Harvester Design Layout
The proposed device is designed as "cutout" beam as shown in mass is placed at the end of each beam to act as a concentrated load. In the meantime, the second beam K 2 with small thickness and wide widthis configured to get low value ofspring stiffness and provide a large area of stress. The proposed layout, cutout beam design, is more compact than the conventional 2-DOF harvesters, because this design comprises one main cantilever and an inner secondarycantilever which reduces the total volume of the harvester.
System Design Procedure
In this section, based on the human motion with low frequency and target bandwidth, the system parameters (m 1 , m 2 , k 1 , k 2 ) will be selected. The selection procedure is based on the following criteria:
1) The resonant frequency of the device is selected to match the human motion frequency range.
2) The frequency bandwidth of the device should be matched with the human frequency spectrum.
3) The output generated power should be as large as possible.
4) The EH device size is selected to be 40 × 30 × 10 mm 3 to fit the human wrist size.
Frequency Range Selection
Firstly, the frequency range of the human motion ranges from 1 to 10 Hz based on the reported values in [15] . So, the most dominant frequency (the mean frequency) is selected as ω = 5 Hz = 30 rad/s. Secondly, the power generated from the proposed harvester can be determined using Equation (4) . It can be noted from Equation (4) that, the higher the difference between the two amplitudes ( )
, the higher the generated power. On the other hand, the higher the ratio of the bandwidth, the lower the difference between the two amplitudes ( ) Figure 3 , and the lower the power generated. The amplitudes difference ( ) 2 1 X X − with band width ratio of ±20%, is shown in Figure 4 .
In other words, there is a tradeoff between the generated power and the bandwidth regarding the amplitude difference. So, to compromise between wide bandwidth and power generated, three cases of bandwidth ratios are studied; namely, bandwidth of ±10%, ±20%, and ±30% of the mean frequency, as shown in Figure 3(a),  Figure 3(b), Figure 3(c) , respectively. The case of ±20% bandwidth ratio is selected here to match the frequency range of the human motion during the day activities which is about ±18% [15] . As a summary, the mean frequency and the bandwidth are selected as 5 Hz and ±20% respectively.
System Parameters Calculation
Based on the third criteria, in order to maximize the generated power, the stress in the piezoelectric layer should be maximized. So, according to the maximum allowable stress of the piezoelectric material (25 MPa) [16] , the required mass m 2 , which affect the stress induced in second beam K 2 and subsequently on the stress of piezoelectric layer, as shown in Figure 5 , is calculated. The stress σ induced in the second beam K 2 can be calculated as: 
F
EId l = is effective force in which a is the exciting acceleration equals to 1g,which is the most dominant acceleration of the human motion [15] . 2 l is the second beam length. 2 Equation (5), the relation between the stress and the thickness can be obtained as follows: Substituting Equation (6) into Equation (5), the stress can be obtained as follows:
From Equation (7), the thickness of second beam can be calculated as follows:
Also, from Equation (5) the stress can be formulated as:
where E of Silicon (Si) is 160 GPa. Using the specified device size, the length 2 l and width 2 b of the second beam are 30 mm and 25 mm, respectively. Also, the allowable deflection d is taken equal to half of the device height, d = 5 mm. Finally using Equations (8) and (9) Figure 1(a) , the relationship between the two resonance frequencies and the system parameters (m 1 , m 2 , k 1 , k 2 ) can be obtained as follows [17] :
The two resonance frequencies are taken as ±20% of ω = 30 rad/s; namely, 1 ω = 24 rad/s and 2 ω = 36 rad/s. Then, m 1 and k 1 can be calculated from Equations (10) and (11) to achieve the desired resonance frequencies of the system as 1 1 gm m = and 1 0.8 N/m k = .
Finite Element Analysis
In this section, ANSYS software is used for creating a virtual testing setup for the proposed EH devices with the selected parameters. The springs k 1 and k 2 of the EH device are modeled as Silicon material (Young's modulus of 160 GPa and Poisson ratio ν = 0.23) .The masses are modeled as Tungsten (Young's Modulus of 411 GPa and Poisson ratio ν = 0.28). The dimensions of the EH device are shown in Figure 6 and listed in Table 1 . Then, the boundary conditions are taken as: Figure 6 . Meshing of EH system. Thickness of m1 500 µm 1) Exciting frequency range is from 1 to 10 Hz.
2) Exciting acceleration for the EH system is 1 g.
3) The end of the second beam k 2 is considered as a fixed end.
4) The system is meshed into solid tetrahedral elements with a medium divided mesh as shown in Figure 6 . Two analyses are performed to validate the device performance. The first includes a modal frequency analysis to determine the modal shapes of the EH system. The second is a harmonic response analysis to determine the displacement of mass m 2 and the stress induced in k 2 .
Modal Analysis
This subsection focuses on the determination of the natural frequencies and modal shapes of the EH system during the excitation of the system. Modal analysis is performed using ANSYS software in order to find the natural frequencies and corresponding modal shapes of EH system. The first and the second mode shapes are shown in Figure 7 , while the natural frequencies of the first three modes are summarized in Table 2 . The first mode shape shown in Figure 7(a) is the normal mode during which the secondary beam vibrates perpendicular to the plane of the system. In the second mode shape shown in Figure 7(b) , the secondary beam appears to rotate about an axis parallel to the plane of the system.
According to the values shown in Table 2 , the harvester tends to oscillate in the first mode when excited and the frequency of this first mode is within the target frequency range required for applications of human motion. The motion of this mode generates maximum stress at the root of k 2 which induces electric charge in the piezoelectric layer as shown on Figure 8. 
Harmonic Response Analysis
In this subsection, a simulation of the harmonic system response using ANSYS software is carried out. The displacements of m 2 at different exciting accelerations (0.5 g, 0.7 g, 1 g) are shown in Figure 9 . This figure shows that the proposed device can harvest energy with wide bandwidth and at frequencies that match the human motion. This is due to the proper selection of the system parameters as discussed before. This figure shows also that thevariation of exciting acceleration has small effect on the displacement of m 2 in between the two peaks. This means that relatively stable output power can be obtained within the target frequency range, when thehuman acceleration changes during motion. 
Stress Analysis and Voltage Generation
In this subsection, a piezoelectric layer (PZT) is assumed to be deposited on the second beam with thickness t p = 10 µm as shown in Figure 10 to convert the mechanical stress to voltage. This piezoelectric layer operates in 3-1 mode, which means that the mechanical stress/strain is applied in the axialdirection (1-direction) while the electrical field is generated in transverse direction (3-direction) as shown in Figure 10 . Hence, based on the equation of the open-circuit, the voltage oc v that generated across the piezoelectric electrodes can be obtained from Equation (12) [18] . Table 3 shows the material properties of PZT layer. 
The theoretical value of output voltage can be calculated from the simulation software based on the stress 
Power Calculation
Using Equation (4) the power generated by the system can be calculated by assuming the total damping ratio as c2 = 0.1. Figure 12 shows the generated power with respect to the normalized frequency and acceleration. The generated power of the system at the center frequency of 5 Hz and excitation acceleration of 1 g is 20 µW. The actual useful power harvested by the system is affected by the mechanical to electrical efficiency for piezoelectric transducer which is taken as (50%) [19] . So, the useful harvested power can be calculated as 10 µW.
Discussion and Conclusions
A detailed design procedure of a 2-DOF piezoelectric EH system is presented here to harvest the human motion energy at frequency range from 1 Hz to 10 Hz. The system design parameters are selected to satisfy the condition of a vibration absorber and constrained by volume of (40 × 30 × 10) mm 3 . This helps to get wide bandwidth and high output power. A finite element model is developed to investigate the system performance. The displacement of the secondary mass m 2 shows wide bandwidth of (4 -6 HZ) with different exciting accelerations (0.5 g, 0.7 g, 1 g), which matches the human motion frequency range. The generated useful power of the system at a total damping ratio of 0.1 and exciting acceleration of 1 g is 10 µW at the center frequency 5 Hz.
The output power and the frequency range of the proposed EH system are compared with the other reported EH multi-modal systems as shown in Table 4 . Because the generated power is proportional to the square of the operating frequency, as given by Equation (4), the power per square of central frequency (P-SCF) is used in this comparison. The power per square of central frequency value (P-SCF) is calculated as the output power at the central frequency divided by the square of central frequency value. The proposed EH system shows high P-SCF compared with the other reported EH system. Finally, the system fabrication and the experimental testing are the future extensions of this work. 
